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Among the myosin superfamily, myosin VI differs from all others by a reverse directionality
and a particular motility. Little structural information is available for myosin VI. It is known
that it binds one calmodulin (CaM) by means of a single “IQ motif” and that myosin VI
contains a specific insert located at the junction between the motor domain (MD) and the lever
arm, likely to play a critical role for the unusual motility previously observed. Electrospray
ionization mass spectrometry (MS) was used to determine the CaM and Ca2 stoichiometries
in several myosin VI constructs. In particular, the experimental conditions required for the
observation of multiprotein/Ca2 noncovalent assemblies are detailed for two truncated MD
constructs (less than 20 kDa) and for three full MD constructs (more than 90 KDa). The
specificity of the detected stoichiometries is discussed for each construct and the resolving
power of Time of Flight mass spectrometry is stressed, in particular for the detection of metal
ions binding to high molecular weight complexes. MS reveals a new CaM binding site for
myosin VI and highlights a different behavior for the five myosin VI constructs versus Ca2
binding. In addition to these stoichiometry based experiments, gas-phase dissociation analyses
on intact complexes are described. They reveal that Ca2 transfer between protein partners
occurs during the dissociation process for one construct with a full MD. Charge-transfer and
dissociation behavior has allowed to draw structural assumptions for the interaction of the MD
with the CaM N-terminal lobe. (J Am Soc Mass Spectrom 2005, 16, 1367–1376) © 2005
American Society for Mass Spectrometry The myosin superfamily comprises actin-basedmolecular motors that use the energy supplied bythe hydrolysis of ATP to perform various cell
motility processes [1, 2]. To date, 18 classes of myosin
have been defined on the basis of the sequence homo-
logy in their N-terminal Motor Domain (MD), which
contains both the actin- and the nucleotide-binding sites
[3]. Adjacent to the MD, the neck region of myosin
called the “lever arm” consists of a variable number of
“IQ” motifs (with a conserved IQXXXRGXXXR consen-
sus sequence) [4] that serve as binding sequences for
specific myosin light chains and/or Calmodulin (CaM),
a Ca2-dependent protein. For both myosin II and V,
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doi:10.1016/j.jasms.2005.03.023the length of the “lever arm” has been shown to
correspond to the step size associated with a single
ATPase cycle [5]. Myosin VI contains a unique insertion
between the MD and its single IQ motif and differs from
the other myosins by its motility. Indeed, it was the first
myosin shown to move toward the pointed () end of
an actin filament. Moreover myosin VI also has a
distribution of step sizes centered on 30 nm, which is
not consistent with a simple lever armmechanism [6, 7].
Thus, the region containing the IQ motif of myosin VI
complex had still an undefined role concerning motility.
In the last few years, electrospray ionization mass
spectrometry (ESI-MS) has been extensively used to
study noncovalent complexes formed in solution. Nu-
merous studies have shown the potential of this tech-
nique in the biological field (for review see [8–10]). It
was demonstrated that under carefully controlled con-
ditions, noncovalent complexes preformed in solution
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subsequently can be analyzed in the gas-phase of the
mass spectrometer. Hence, the gas-phase image given
by the mass spectrometer can be used to obtain binding
stoichiometries of complexes that pre-exist in solution.
However, preservation of noncovalent complexes in the
gas-phase is not straightforward. As illustrated by sev-
eral authors [11–13], electrostatic interactions are be-
lieved to be strongly increased when coming from the
solution into the gas-phase desolvated form whereas
most of the so-called “hydrophobic effect” is lost during
the desorption process. The challenge for the mass
spectrometrist results in desolvating the complex with-
out breaking it before complete desolvation. It is there-
fore critical to control the energy communicated to the
ions in the gas-phase (using a set of parameters such as
temperature, pressure, and voltage). Structural infor-
mation can also be gained by performing tandem mass
spectrometry (MS/MS) in which the complexes are
dissociated in the gas-phase as demonstrated by a
number of studies [14 –17]. Such MS/MS experiments
can be used to determine gradually the composition of
large multiprotein complexes and even to obtain infor-
mation on their topology and stability. Thanks to its
ability to directly give information on stoichiometry or
dynamics of the interactions formed in solution, mass
spectrometry offers new possibilities to tackle a variety
of applications. For instance, it can be used to probe
cooperativity in the binding of a ligand or a metal to a
protein [18, 19]; also to determine the relative binding
affinities in solution [20 –24]. This was done, for exam-
ple, for CaM with peptide analogs of myosin light chain
kinase: influence of Ca2 ions in the binding and
relative affinities constants for CaM/peptides interac-
tions have been investigated [25, 26]. Mass spectrome-
try was also reported as a powerful tool to monitor the
effect of a stress (temperature, pH, drug binding, . . .) on
the association/dissociation pattern of protein/protein
or protein/ligand complexes [27, 28]. With the constant
evolution of the technique, the size of a complex be-
comes less and less a limiting factor for the analysis.
Indeed many studies of specific multiprotein complexes
of several million daltons [29 –32] have been reported
and mass measurements on even larger complexes are
expected.
In a previous paper [33], a new CaM binding site on
myosin VI was reported and its biological role dis-
cussed, especially concerning the motility of the myosin
VI. The contribution of mass spectrometry is described
more exactly in the following paper through the study
of five myosin VI constructs. In the first part, easy to
handle two easy to handle low molecular weight con-
structs (truncated MD) are presented, revealing the new
CaM binding site on myosin VI. In the second part, we
focus on three larger constructs with a full MD, and
thus closer to the whole myosin VI cellular motor.
Specificity of the detected protein/protein and protein/
metal interactions are discussed. In the last part, gas-
phase dissociation experiments are performed to obtainadditional structural information, in particular concern-
ing the interaction between the MD and the insert-CaM
N-terminal lobe.
Materials and Methods
Myosin VI Expression and Purification
To create a series of single-headed myosin VI con-
structs, porcine myosin VI wild-type cDNA was trun-
cated either immediately after the converter (Asp773;
MD), following the unique insert (Ala816; MD insert),
or before the beginning of the high probability coiled
coil region (Lys917; myosin VI long S1). Additional
constructs that begin with the myosin VI converter
(Pro706) and end either after the insert (Ala816; con-
verter  insert) or after the IQ motif (Gly839; converter
 insert  IQ) were also produced. For each construct,
a flag tag (encoding GDYKDDDDK) was inserted at the
N-terminal (MD, MD  insert and converter  insert)
or the C-terminal (myosin VI long S1 and converter 
insert  IQ) to facilitate purification. Details of the
protein expression and purification have been pub-
lished elsewhere [34]. A schematic summary of the
myosin VI constructs is shown in Figure 1.
CaM and CaM mutants: the generation of CaM
mutants with either the N- or C-terminal Ca2 binding
sites eliminated was previously described [35]. This
involved mutation of the C-terminal lobe of chicken
CaM (E104A and E140A) or the N-terminal lobe of CaM
(E31A and E67A). The mutant cDNA constructs were
then inserted into viral expression vectors for cotrans-
fection with the myosin VI constructs or into bacterial
expression vectors for coexpression with a construct
containing the myosin VI converter  insert.
All the purification steps were conducted under high
EGTA concentration to ensure a final Ca2 free concen-
tration in the low nanomolar range: 1 mM EGTA for
truncated MD constructs and 5 mM EGTA for full MD
constructs [33].
Figure 1. Schematic representations of the myosin VI constructs
analyzed in this study.
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Before mass spectrometry experiments, nonvolatile
salts were removed by exchanging the purification
buffer of samples against ammonium acetate buffer
(Merck, Darmstadt, Germany) 50 mM (pH 6.8). Eight
dilution/concentration steps were performed at 4 °C
and 10,000 rpm using nanosep 3 Komega micro concen-
trators (Pall Corporation, MI) starting from 500 l of
sample and ending at 50 l (concentration factor of
10/step). Ammonium acetate enables native structure
of proteins to be preserved and is compatible with
ESI-MS analysis.
Deionized water (18.2 M was generated from a
water filtering device (Millipore, Bedford, MA). Resi-
dual Ca2 concentration in the ammonium acetate
buffer solution used for all experiments was evaluated
by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES), (Liberty 220,   393.366 nm,
Varian) with the standard addition method; a residual
Ca2 concentration of 50 nM was found.
ESI-MS measurements were performed either on an
ESI-TOF (LCT, Waters, MA) or on an ESI-Q-TOF (Q-
TOF 2, Waters, MA) with an extended mass range for
the quadrupole (8000 m/z). Both instruments were fitted
with standard Z-spray source and have the first pum-
ping stage regulated with a speedy valve that throttles
pumping by the rotary pump. In the case of the hybrid
ESI-Q-TOF instrument, mass spectra were recorded at
the exit of the TOF analyzer, using the first quadrupole
in the RF-only mode for MS measurements and for ions
selection in MS/MS experiments. Nitrogen gas was
used for both nebulization and desolvation gas and
argon was used as collision gas in the collision cell.
Samples were continuously infused into the ESI ion
source at a flow rate of 3 l/min. Both gas and source
temperature was set to 80 °C. External calibration of the
spectra was achieved in the positive ion mode using
multiply charged ions of horse heart myoglobin (Sigma
Aldrich, St. Louis, MO).
Purity of samples was first estimated by mass ana-
lysis in denaturing conditions: samples were diluted to
2 M in a 1:1 water-acetonitrile mixture (vol/vol)
acidified with 1% formic acid. In these conditions the
noncovalent interactions are disrupted, allowing the
measurement of the molecular weight of each species
with a good accuracy (better than 0.01%).
Samples were next diluted to 10 M of the same
ammonium acetate buffer (50 mM) as used for the
desalting steps (nondenaturing conditions) and ana-
lyzed without further addition of Ca2. The protocol
used was carefully chosen to ensure that the noncova-
lent interactions survive the ionization/desorption pro-
cess. In particular, atmospheric pressure/vacuum inter-
face parameters were optimized to obtain the best
sensitivity and spectrum quality without affecting the
noncovalent complex stability [36 –38]. The accelerating
voltage applied on the sample cone ranged from 30 to
200 V and pressure between the sample and extractioncone varied between 3 and 7 mbar according to the
nature of the analyzed complex. High-pressure in the
interface (7 mbar) for best transmission and high cone
voltage (200 V) for best desolvation were required in the
case of the three full MD constructs. Contrary to the
above, for the two truncated MD constructs, lower cone
voltages (30 –80 V) were used to prevent dissociation in
the gas-phase and an intermediate pressure (3–5 mbar)
was sufficient for ions transmission. For MS/MS expe-
riments on the ESI-Q-TOF mass spectrometer, pressure
and collision energy in the collision cell were optimized
to get best sensitivity.
Ca2 Titration/EGTA Treatments
Ca2 titration experiments were performed at a protein
concentration of 10 M. Small aliquots of a stock
solution of calcium acetate (100 mM; Sigma Aldrich,
99.999%) were added to the CaM-myosin solutions to
give the desired metal cation concentration up to a final
concentration of 100 M (2.5 eq considering the four
Ca2 binding sites of CaM).
EGTA treatments were carried out by incubating
samples in the desired EGTA concentration buffer dur-
ing 30 min. Before MS analysis, EGTA was removed by
desalting the samples in 50 mM ammonium acetate
buffer.
Results
Study of the Complexation of CaM
with Two Truncated MD Myosin VI Constructs
In the first step, two small truncated myosin VI con-
structs (less than 20 kDa) were used to obtain a good
spectral resolution on the complexes. In this case, the
resolution was good enough to easily detect the binding
of only one Ca2 ion and thus allowed the distinction of
different Ca2 stoichiometries. The first construct con-
sisted of the converter  insert and the second in the
converter  insert  IQ.
The spectrum obtained for the converter  insert
complex (Figure 2a) indicates that two species are
present. The first one (about 70% of the signal) display-
ing a mass of 31,280.8  0.2 Da corresponds to a
[converter  insert  CaM  (Ca2)2] complex (MWth
 31,281 Da). The second one exhibiting a mass differ-
ence of 76 Da corresponds to the Ca2-saturated form
of the complex, i.e., the [converter  insert  CaM 
(Ca2)4] complex. Note that as presented in our previ-
ous paper [33], this result was fully unexpected since
the insert sequence did not correspond to any of the
motifs determined to date to recruit CaM [39].
The affinity of CaM toward Ca2 ions is well des-
cribed in the literature [40, 41]. CaM binds four Ca2
ions, two on the C-terminal domain and two on the
N-terminal domain with average Kd of about 1.5 M
and 15 M, respectively. As no Ca2 ions were added to
our ammonium acetate buffer (see the Materials and
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bound to the detected multiprotein complex may have
been captured from the host cell during protein expres-
sion and may be essential to stabilize the complex
conformation. Such behavior was already reported for
other biological systems [42– 44]. The fact that Ca2
binding resisted during the purification (1 mM EGTA)
and during the desalting steps (50 mM ammonium
acetate buffer) shows that when interacting with the
converter insert construct, CaM binds Ca2with high
affinity and specificity. The observation of specific
CaM/Ca2 interactions by mass spectrometry suggests
also that some conformational elements of CaM are
retained in vacuo during the analysis. To guarantee that
the observed Ca2 stoichiometries reveal the different
populations of complexes in solution, several accelera-
tion voltages (Vc) have been tested. The Vc has been
gradually changed from 30 to 80 V and the Ca2
stoichiometries determined in each case (data not
shown). At low Vc voltage, Ca2 stoichiometries remain
the same as those observed at high accelerating voltage.
This observation indicates that the relative abundance
of the species deduced from ESI mass spectra effectively
reflects relative abundance in solution and not any
Figure 2. ESI-MS analysis of truncated MDmyosin VI complexes
(10 M) in AcNH4 50 mM, pressure  5 mbar, Vc  40V. The
calculated masses reveal for (a) converter  insert, the binding of
1 CaM with mainly 2 Ca2 (70% of signal intensity) and with 4
Ca2; (b) converter  insert  IQ, the binding of 2 CaMs with 2
Ca2.artefactual dissociation of Ca2 ions in the gas-phase.To determine whether CaM binding was influenced
by Ca2 ions, a series of experiments consisting in
stepwise Ca2 additions were carried out. The mea-
sured molecular weight reveals that the complex can be
easily saturated in presence of an excess of Ca2 (100
M, 2.5 eq considering four Ca2 binding sites) yielding
a unique [converter  insert  CaM  (Ca2)4] com-
plex. No Ca2 stoichiometries higher than four are
observed, suggesting that the Ca2 binding to the
converter  insert associated CaM is very specific. In
another experiment, we attempted to remove Ca2 ions
by incubation of the complex in a high EGTA concen-
tration buffer (50 mM) followed by intensive desalting
steps to evaluate how easily the Ca2 ions could disso-
ciate from their sites, and whether the protein/protein
interaction resisted Ca2 loss from the CaM lobes. The
[converter  insert  CaM  (Ca2)0] was never
observed even under high EGTA concentration (50
mM). Indeed, we only observed the [converter  insert
 CaM  (Ca2)2] complex and free CaM without any
Ca2 ions bound, hypothesized to come from the dis-
sociated multiprotein complex. While two Ca2 are
easily removed from the complex, two other Ca2
remained tightly bound to the CaM [33]. This result for
the converter  insert construct suggests that one
Ca2-loaded lobe of the CaM in an open conformation
binds strongly to the myosin VI heavy chain [45] and is
required for the multiprotein binding. Moreover, the
simultaneous observation of [CaM  (Ca2)0] and [con-
verter  insert  CaM  (Ca2)2] species suggests an
increase of affinity of CaM toward Ca2 ions when
bound to the insert motif. The same behavior was
previously reported by Veenstra et al. with the interac-
tion of CamK-II peptide and CaM [46].
The second construct studied contained an addi-
tional IQ motif (converter  insert  IQ motif). The
corresponding ESI-mass spectrum (Figure 2b) reveals a
single complex with a molecular weight of 51,897.2 
0.2 Da, which corresponds to a [converter insert IQ
 2 CaM  (Ca2)2] complex (MWth  51,897 Da). As
before, a well defined stoichiometry is observed, which
strongly supports structurally-specific interactions in
the gas-phase. Since our previous analysis of the con-
verter insert reveals that at least two Ca2 stay bound
to this construct (Figure 2a), the two Ca2 detected here
are most probably located on the insert-CaM, whereas
the CaM bound to the IQ motif remains Ca2-free. This
is consistent with the fact that the IQ motif is known to
bind CaM preferentially without Ca2 in physiological
conditions [33].
To investigate which of the N- or C-terminal lobe of
the CaM must be occupied by Ca2 ions for CaM
binding on the insert, the stability of the converter 
insert complex was studied using two double CaM
mutants known to suppress Ca2 binding at either the
N-terminal (E31A; E67A) or C-terminal (E104A; E140A)
lobes. Using the N-terminal CaM double mutant, a
single [converter  insert  CaM  (Ca2)2] complex
was observed by MS (data not shown), demonstrating
1371J Am Soc Mass Spectrom 2005, 16, 1367–1376 ESI-MS STUDY OF NONCOVALENT MYOSIN COMPLEXESthat this mutated CaM still does bind to the converter
insert. Instead, no complex could be purified with the
C-terminal mutant CaM, suggesting that the converter
 insert complex was not stable under these conditions
and that Ca2 saturated C-terminal lobe of CaM is
required for binding to the insert.
To confirm these preliminary results concerning
CaM and Ca2 stoichiometries, we studied larger trun-
cated myosin VI complexes containing the full motor
domain (MD), and corresponding to species very close
to physiological complexes.
Study of the Complexation of CaM with Three Full
MD Myosin VI Constructs
We investigated the influence of the MD on the CaM
binding using three constructs consisting in the MD, the
MD  insert, and the MD  insert  IQ  78AA (long
S1). Since the molecular weight of the full MD was
about 90 kDa, the masses of these three constructs were
much higher than those for the first two models. Be-
cause of peak broadening inherent to the detection of
high m/z ions, mass spectra obtained for these com-
plexes allow to accurately determine only one unique
Ca2 stoichiometry corresponding to the predominant
species in solution but cannot give direct access to the
evaluation of a possible heterogeneity of the popula-
tion. In this set of experiments (see Figure 3), no extra
Ca2 was added to the ammonium acetate buffer; as
previously mentioned for the truncated MD constructs,
the detected Ca2 bound to these complexes may come
from the host cell.
As expected, the mass spectrum of the MD (Figure 3a)
displays a single compound. The measured mole-
cular weight of 87,770 3 Da fits well with themass of the
myosin construct (MWth  87,768 Da) without any CaM
attached. For the MD  insert complex (Figure 3b) the
measured mass of 111,084 7 Damatches a [MD insert
CaM (Ca2)4] complex and is in good agreementwith
the corresponding calculated mass (MWth  111,077 Da).
Moreover, in presence of an excess of Ca2 (60 M, 1.5 eq
considering four Ca2 binding sites), the measured mass
and the peak width remain the same for this construct
(data not shown). This suggests that no additional Ca2
binding occurred. The spectrum of the long S1 complex
(Figure 3c) reveals one species with a molecular weight of
140,782 11 Da corresponding to the [long S1 2 CaM
(Ca2)4] complex (MWth  140,780 Da). To evaluate the
effect of Ca2 ions on the stability of the IQ-CaM, titration
experiments in the presence of increasing amounts of
Ca2 were performed with this construct. With an excess
of Ca2 (60 M, 1.5 eq considering four Ca2 binding
sites), a single compound is detected with a molecular
weight of 140931  7 Da corresponding to a [long S1  2
CaM  (Ca2)8] complex (MWth  140932 Da). The
IQ-CaM can specifically bind to the IQ motif site with or
without Ca2 ions. This site is thus a potential Ca2regulatory site for the molecule. To illustrate the degree ofaccuracy that can be expected in these experiments, the
25 charge state of the long S1 complex at m/z about 5640
(Figure 4) is displayed, both without addition of extra
Ca2 and in excess of Ca2 (60 M).
In these spectra, observed peaks are well separated,
the mass difference of 153 Da being in good agreement
with the theoretical mass of four Ca2 (MWth 152 Da).
In addition, the peak width is the same in both condi-
tions, which shows that the complex displays a unique
stoichiometry in Ca2. The determination of the exact
number of metal ions attached to a large multiprotein
complex might become delicate, especially if several
stoichiometries are in equilibrium. For this construct, a
good resolution is only obtained when the desalting
steps are performed at least eight times (see the Mate-
Figure 3. ESI-MS analysis of full MD myosin VI complexes (10
M) in AcNH4 50 mM, pressure  7 mbar, Vc  200 V. The
calculated masses reveal for (a) MD, no CaM binding; (b) MD 
insert, the binding of 1 CaM with 4 Ca2; (c) long S1, the binding
of 2 CaMs with 4 Ca2.rials and Methods section). This produced a rather
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metal ions specifically bound to both interacting CaMs.
For these larger complexes again, a unique stoichiome-
try is obtained, strongly suggesting that the observed
species are the result of specific interactions preformed
in solution and that the complexes have been trans-
ferred intact to the gas-phase. These results confirm the
existence of the second specific CaM binding site lo-
cated at the insert sequence of the myosin VI. But in
contrast to the truncated MD constructs where two
Ca2 are easily dissociated from the N-terminal lobe of
the interacting CaM, here all four Ca2 remain strongly
bound to the insert-CaM even after incubation in 50
mM EGTA followed by intensive desalting steps [33].
Structural Information Obtained by Gas-Phase
Stability Experiments
Finally, we explored the potential of performing
MS/MS experiments on intact complexes to obtain
information on Ca2 localization and stoichiometry. We
decided to apply this strategy to both the [converter 
insert  CaM  (Ca2)4] and [MD  insert  CaM 
(Ca2)4] complexes previously characterized in term of
stoichiometry in this paper. These experiments were
performed to investigate how gas-phase dissociation
could make spectra interpretation of large intact com-
plexes easier. In each case, pressure (affecting the num-
ber of collision) and voltage (affecting kinetic energy of
the precursor ion) in the collision cell were adjusted to
get the best sensitivity and collision efficiency, while
pressure and voltage applied in the source were care-
fully optimized to preserve the noncovalent complexes
and to ensure good desolvation and transmission of the
ions of interest.
Using a dissociation energy of 35 eV, ESI-MS/MS
mass spectrum obtained from the 12 charge state of
the [converter  insert  CaM  (Ca2)4] ion (Figure
Figure 4. ESI-MS spectra of the 25 charge state of the long S1
complex (10 M) in AcNH4 50 mM, with 0 M Ca
2 and 60
M Ca2, respectively, pressure  7 mbar, Vc  200 V. The
binding of 4 additional Ca2 ions on the IQ-CaM is observed with
an excess of Ca2.5a) exhibits only two product ions corresponding tocharge state 8 of converter  insert and the corres-
ponding charge state 4 of [CaM  (Ca2)4]. In a
gas-phase dissociation process, the global number of
charge is conserved, i.e., the sum of the charges loaded
on the product ions must be equal to the initial charge
of the precursor ion. Loss or gain of charges in the
gas-phase through the loss of buffer ions like ammo-
nium or acetate has already been reported [47], but this
process is not observed in the experiments conducted
on the myosin VI complexes.
The relative intensities of both dissociated subunit
proteins is different even if they come from a 1/1
stoichiometry complex. This can be attributed to instru-
mental effects, such as different refocalization and
transmission of the product ions after the dissociation in
the collision cell. The two product ions display different
conformations and relative mass to charge ratios, two
parameters that are known to affect the signal intensity.
When higher dissociation energies were applied, loss of
Ca2 was never observed: the complex was fully disso-
ciated into the converter  insert and [CaM  (Ca2)4]
ions until the precursor ion had completely disap-
peared. For energy higher than 60 eV, covalent bond
disruption occurred. In the case of the [converter 
insert CaM (Ca2)4] complex, MS/MS experiments
allow to unambiguously assess the binding of the four
Ca2 exclusively on the CaM subunit, the specific
interactions between the CaM and the Ca2 ions being
preserved after the dissociation process. This result also
confirms the homogeneity of the Ca2 binding deduced
from MS spectrum (a unique [CaM  (Ca2)4] stoichio-
metry).
The analysis of the [MD  insert  CaM  (Ca2)4]
complex with an intact MD leads to a completely
different behavior toward MS/MS experiments (Figure
5b). Indeed, two dissociation pathways are observed
when charge state 22 is selected and submitted to
fragmentation in the collision cell. The first one yields
two product ions: the charge state 18 of MD  insert
and the corresponding charge state 4 of [CaM 
(Ca2)4]. This pathway appears very similar to the one
observed with the [converter  insert  CaM 
(Ca2)4] complex, i.e., the charge state 4
 of [CaM 
(Ca2)4] being observed in both cases.
The second pathway displays myosin ions with a
series of low charge states distributed between 11 and
15 and CaM with complementary high charge states
between 7 and 11. The measured mass of the result-
ing CaM product ions shows that CaM has lost Ca2 in
a heterogeneous way: CaM species with two Ca2 is
mainly detected but species with three and four Ca2
are also observed, their relative intensity varying
slightly with the charge state. In addition, peaks corre-
sponding to the dissociated myosin are enlarged, indi-
cating a mass heterogeneity, the average measured
mass of 94,274 Da being much larger than the one
expected for the free MD  insert construct (MWth 
94,203 Da). A rational explanation for these data would
be that Ca2 ions have been transferred from the high
nsert
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two Ca2 ions remain on the CaM. Thus, the four Ca2
ions initially attached to CaM may be split in two
categories which behave in a different way. While two
Ca2 ions (suspected to belong to the same lobe) cannot
be transferred to myosin, two other Ca2 ions (from the
other lobe) can be exchanged from CaM to myosin.
Discussion
The possibility to follow the subunit composition di-
rectly upon experimental condition changes is a unique
advantage of mass spectrometry. The composition of
the various complexes is deduced from the mass mea-
surement of the observed complexes since the masses of
all individual partners are known. In this study, the
Figure 5. MS/MS experiments recorded on the
in AcNH4 50 mM  100 M Ca
2; (b) [MD  idetermination of the CaM and Ca2 stoichiometries bymass spectrometry coupled with the use of five myosin
VI constructs provided several key pieces information:
1. Myosin VI possesses a second CaM binding site on
the insert motif (insert-CaM).
2. This second CaM behaves differently from the CaM
bound to the IQ motif toward Ca2 ions.
Indeed, our results with a full MD show that one CaM
completely saturated by Ca2 binds the insert motif,
even in low Ca2 concentration buffer. This indicates
that Ca2 does not easily dissociate from the insert-CaM
and thus, it means that this CaM is not implicated in a
regulatory role but rather in a structural role. We have
also demonstrated that CaM can bind the IQ motif of
OF, (a) [converter  insert  1 CaM  (Ca2)4]
 1 CaM  (Ca2)4] in AcNH4 50 mM.Q-Tthe myosin VI with or without Ca2. Such a binding of
1374 CHEVREUX ET AL. J Am Soc Mass Spectrom 2005, 16, 1367–1376the IQ-CaM in two different conformations (Ca2 free
or saturated) suggests a regulatory role in the cell [33].
Specificity of the Detected Complexes
A relevant question concerning noncovalent complexes
studies by mass spectrometry still remains: Are the
detected gas-phase stoichiometries really specific from
the solution phase? The answer is not straightforward,
first because the electrospray mechanism is still under
debate [8], and second because gas-phase dissociation
can occur in the mass spectrometer. Much earlier,
examples of specific and nonspecific binding have been
reported [20]. To prevent false spectra interpretation, a
fine tuning of the mass spectrometer parameters is
necessary, in particular regarding pressure and voltage
in the interface of the mass spectrometer to control the
collision heating of the ions in the gas-phase, and thus
to control transmission and dissociation [36 –38]. An-
other efficient way to probe specificity is to change
experimental conditions (such as pH, concentration,
partner of interaction) and then to check these changes
by mass spectrometry. In our experiments, several
observations argued in favor of specific interactions:
CaM binding stoichiometries as deduced from ESI mass
spectra appear to be sensitive to the myosin construct.
Indeed, a quantitative binding of one additional CaM is
observed when an additional specific sequence like the
insert and the IQ motif is included to the MD. The
simultaneous binding of a saturated CaM and a Ca2
free CaM to the long S1 construct also provides good
support for structurally-specific interactions in solution,
the solution-phase image being not distorted in vacuo
during the ESI mechanism.
Finally, the fact that we only observed well-defined
stoichiometries proved that Ca2 binding is specific.
The detection of the Ca2 stoichiometries 2 and 4 is in
perfect agreement with the known behavior of CaM
toward Ca2, i.e., the ability to bind two Ca2 in each of
its two lobes [40, 41]. Nemirovskiy et al. previously
studied the binding of Ca2 to free CaM [48]. In their
experiments, CaM was saturated using a 500-fold Ca2
excess and the binding of 1 to 7 Ca2 ions was reported
in these conditions. In our case, the insert-CaM bound
to the truncated MD construct (converter  insert) was
easily saturated by 4 Ca2 ions using only a 10-fold
Ca2 excess (100 M), traducing an increase of affinity
and specificity of CaM versus Ca2 ions when bound to
the insert motif.
Influence of the Full MD from Solution
to the Gas-Phase
The Ca2 stoichiometry of the insert-CaM measured by
MS clearly depends on the construct used for the
experiment. While Ca2 cannot dissociate from either
lobe of CaM when the MD is present, the two Ca2 of
the N-terminal lobe become accessible when the MD istruncated. This observation provides valuable struc-
tural information since it implies that there must be
direct interaction between the N-terminal lobe of CaM
and the MD, which stabilizes the Ca2 binding confor-
mation of CaM and prevents the two Ca2 from ex-
changing in low Ca2 concentration buffer. It also
shows that data must always be taken cautiously when
obtained from too simple protein models or constructs
that mimic large physiological proteins, even if specific
binding was shown to remain.
The Ca2 stoichiometry of the insert-CaM measured
by MS/MS depends also on the construct used for the
experiment. Dissociation of intact complexes by
MS/MS has been extensively studied, most often with
models such as dimers or tetramers [49 –54] but also
with even larger multimers [17, 55]. In many of these
studies, dissociation in the gas-phase occurred with the
leaving of a small subunit carrying a disproportionately
large amount of charges (H transfer occurring be-
tween subunits) [8]. It was assumed that this charge
partitioning occurred via the unfolding of a subunit in
the dissociated transition-state. The biological relevance
of this asymmetric charge partitioning remains difficult
to assess. Versluis et al. [52] observed that dissociation
of specific and nonspecific dimers could not be associ-
ated with the solution phase stability. However, it was
also reported by Jurchen et al. [53–54] that charge
partitioning may be related to protein gas-phase con-
formation. Indeed MS/MS of charge state 13 of cyto-
chrome c dimer induced symmetric or asymmetric
charge partitioning, depending on the method of ion
formation (formed in the solution or in the gas-phase),
suggests that some structural solution phase informa-
tion may be available through gas-phase dissociation
experiments.
In our experiments, the [converter insert CaM
(Ca2)4] and the [MD  insert  CaM  (Ca
2)4]
complexes behave differently when submitted to disso-
ciation in the gas-phase. CaM species dissociate with a
disproportionate amount of charge when coming from
the full MD construct: up to half of the total charge of
the initial complex has been transferred including H
and also Ca2 transfer. To our knowledge, this is the
first time that Ca2 transfer is observed in a dissociation
process. From our data, apparently a maximum of two
Ca2 ions could be exchanged, indicating first that these
highly charged CaM ions correspond to a partially
denatured CaM in the gas-phase, and secondly that just
one lobe of CaMmay loose Ca2 ions. This difference of
behavior regarding complexes with an intact and a
truncated MD versus MS/MS experiments can be ratio-
nalized by an additional interaction between one lobe of
the insert-CaM and the MD. It can be hypothesized that
the two exchangeable Ca2 ions come from the N-
terminal lobe of CaM stabilized by the full MD and thus
close to the two interacting domains. These MS/MS
data correlate with previous MS results indicating that
the MD stabilizes the N-terminal lobe of the insert-CaM.
This result is also in agreement with the recently
1375J Am Soc Mass Spectrom 2005, 16, 1367–1376 ESI-MS STUDY OF NONCOVALENT MYOSIN COMPLEXESresolved structure of the myosin VI complex showing
that the N-terminal lobe of the insert-CaM binds the
MD (personal communication with Dr. Houdusse).
However, even if such gas-phase data may help to
assess protein assemblies, they have to be used carefully
before deducing solution phase structural information.
Finally, this interaction of the MD evidenced by MS
and MS/MS data may act on the directionality of the
lever arm opposite the MD and thus explain in part the
reverse directionality of myosin VI [33].
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